The buoyant density in rapidly growing Streptococcusfaecium 9790 cells varies over the cell cycle, in contrast to the density in Escherichia coli. Buoyant density in S. faecium was measured by using Percoll (Pharmacia Fine Chemicals, Piscataway, N.J.) density gradients. We found that the mean and coefficient of variation of the population density increased with growth rate; and within a population, the mean cell volume, which was measured electronically, increased with density. These results were compared with electron microscopic measurements of the size distributions of cell wall growth sites within each fraction of the density gradient. As the density increased within a population, the frequency of large cells increased and the frequency of newly initiated cell wall growth sites increased. These effects were more marked as the growth rate increased. Next, these data were regrouped by cell size by using the size of the central growth site as an index of cell cycle stage. Each frequency value was weighted by the proportion of the population represented by that density fraction. Then, the average buoyant density was calculated for each value of cell size. In all cell populations, the density decreased and then increased as the central site enlarged. Peripheral growth sites were initiated as density reached a maximum. At faster growth rates, density increased more steeply, and new peripheral growth sites opened up at a higher frequency. We suggest that the rate at which density increases during the cell cycle correlates with the initiation of new cell wall growth sites.
Buoyant density varies during the cell cycle in rapidly growing populations of Streptococcus faecium (1) . This suggests that the regulation of buoyant density may be connected to the regulation of division and cell wall growth in S. faecium, as proposed by Rosenberger et al. (11) . Our purpose was to study the correlation between buoyant density, cell division, and cell surface growth by observing populations growing at different rates.
The results seen with S. faecium are not universal (8) . The buoyant density of Escherichia coli does not vary with the cell cycle stage (9) . On the other hand, the data of Hart and Edwards (4) suggest that buoyant density varies during the cell cycle in synchronously growing populations of Bacillus subtilis. E. coli, B. subtilis, and S. faecium may serve as model systems for understanding the differences between gram-positive and -negative organisms and between rodshaped and coccoid bacteria in the regulation of buoyant density.
In S. faecium, cell wall growth and division follow simple rules that are well understood. The unit cell is composed of two roughly hemispherical poles (5) (Fig. 1) . Pole size is invariant with growth rate (2) . The poles are joined by a raised equatorial band (5) . New growth sites are initiated by the addition of cell wall material under the equatorial band, therein forming a nascent cross-wall. During a division cycle, the nascent cross-wall is cleaved bilaterally to produce two new poles. Cell division occurs after the cross-wall has been completely severed.
Dicker and Higgins (1) studied the relationship between buoyant density, cell wall growth, and cell division in rapidly growing populations of S. faecium using isopycnic density gradient centrifugation and electron microscopy. They found that heavier fractions of the population had more cells with newly initiated growth sites and more cells in the division phase. This led to a model of growth site initiation: density increases during the cell cycle because mass increases faster than volume. As the central growth site nears completion, the increase in density leads to the initiation of new growth sites, which, after a short time lag, results in an increase in the ratio of volume/mass and therefore in a decline in density.
The relationship between division and growth site initiation changes with growth rate. As growth rate increases, more peripheral sites are initiated; that is, more sites are initiated before the completion of the central growth site (Fig. 1) (3) . If changes in buoyant density are related to surface growth and division, then the results seen by Dicker and Higgins (1) should be modified at different growth rates. Specifically, the greater frequency of peripheral sites seen at higher growth rates should be correlated with a greater variation in density.
MATERIALS AND METHODS
Growth. S. faecium ATCC 9790 was grown on a chemically defined medium which was modified from that of Shockman (12) . The tryptophan concentration was reduced to 20 ,ug/ml to eliminate chain formation (13) . The growth rate was controlled by eliminating glutamine from the medium and varying the glutamate concentration (14) . To bar labeled C in Fig. 1 ). The data were classified into 10 cell size categories: 0 to 0.1 [xm, 0.1 to 0.2 jim, etc., to a maximum of 1.0 pum. From each population, four density fractions were analyzed at approximately +0.5, -1.5, -0.5, and +1.5 standard deviations from the mean buoyant density.
To study the variation in buoyant density with cell size, the following calculations were performed. The raw data from each density fraction were transformed into the fre- 
RESULTS AND DISCUSSION
Effect of growth rate on buoyant density. Buoyant density increased with growth rate. For example, Fig. 2 shows the population distributions of buoyant density in a slowly (a = 0.0085 min-) and a rapidly ((x = 0.023 min-) growing population. The mean densities in the two populations were 1.106 and 1.113 g/ml, respectively, and the coefficients of variation of buoyant density were 0.00219 and 0.00232, respectively.
Cell volume. Within a population the cell volume could be used as an indicator of cell age. At all growth rates, mean electronic cell volume increased with density (Fig. 2) . The increase did not occur at one critical value of buoyant density in all populations. For example, at a growth rate of a = 0.0085/h, the increase in cell volume occurred at approximately 1.103 g/ml, while at ax = 0.023/h, it occurred at approximately 1.111 g/ml (Fig. 2) . This suggests that buoyant density does vary over the cell cycle, but that there is no critical value of buoyant density that is related to the triggering of cell cycle events.
Thus, buoyant density varies with growth rate and over the cell cycle. In contrast, buoyant density is constant over the cell cycle (9) and does not vary with growth rate in E. coli (10) .
To determine how these increases in cell volume were related to cell cycle events, we measured the frequency distributions of the sizes of central cell wall growth sites in electron micrographs of cells taken from Percoll gradient fractions. First, we present results of a series of studies that were done to show that the gradients we studied by electron microscopy did in fact separate cells on the basis of buoyant density and that the results could be obtained with both fixed and unfixed cells.
Technical factors related to separating cells by buoyant density in Percoll gradients. Four factors which might have contributed to the measured increase in density with growth rate were studied. They were as follows: (i) Were the gradients centrifuged to equilibrium? (ii) Could similar patterns be seen in fixed and unfixed cells? (iii) Did the concentration of glutamate, which was varied to produce different growth rates, produce the observed growth raterelated changes in buoyant density? (iv) Did the osmolality of the gradients affect the observed growth rate-related changes in buoyant density? Results of studies that were performed to answer these four questions are described below.
(i) Preformed gradients run for 10, 20, 30 and 40 min gave the same buoyant densities. A self-forming gradient run for 15 min gave the same density as a preformed gradient run for 10 min. In all experiments, cell volume increased with density. Thus, equilibrium was established by 10 min, the time used for the rest of these experiments.
(ii) The density increased with growth rate in fixed and unfixed cells (growth in medium made with a normal salt concentration and gradients made with water; Fig. 3 ). Cell volume increased with density within all populations. Thus, the growth rate-dependent changes in density could be seen in both fixed and unfixed cells.
(iii) The glutamate concentration ranged from 0.11 to 2.0 mmol/liter. Under these conditions, molarity approximately equaled the osmolality (in milliosmoles per kilogram). Thus, the osmolality of the low-salt medium (225 mosmol/kg) varied less than 0.9% overall, and the osmolality of the high-salt medium (840 mosmol/kg) varied less than 0.23%. To could have contributed to the increase in the buoyant density of cells with growth rate, we measured the buoyant densities of cells grown in low-salt medium amended with NaCI, giving a 10% increase in osmolality; sucrose, giving a 10% increase in osmolality; or an equal volume of water. The growth rate of the populations was 0.011 min'. Buoyant densities were 1.1069, 1.1075, and 1.1079 g/ml, respectively, in the three amended media. We conclude that it is unlikely that the concentrations of glutamate used to control growth rate contributed to the measured increase in cell buoyant density with growth rate, since supplementing the growth medium with either NaCl or sucrose resulted in no significant changes in density.
(iv) We measured the buoyant densities of cells that were separated on gradients with different osmolalities. The density increased with growth rate in unfixed cells grown in the low-salt medium (225 mosmol/kg) and run in gradients made with water (25 mosmol/kg after centrifugation) or with medium (300 mosmol/kg after centrifugation) (Fig. 3) . Cell volume increased with cell density in all populations. Thus, it is unlikely that the observed growth rate-dependent changes in density were dependent on the osmolality of the gradient.
The coefficient of variation of buoyant density increased with growth rate (range, 0.14 to 0.37%; correlation coefficient significant at P < 0.02). These values overlapped those reported by Kubitschek et al. (9), who studied E. coli.
Gradients made with water resulted in the least aggregation during centrifugation, as shown by studying electronic cell volume distributions of gradient fractions. Therefore, these gradients were the source of the data reported below. However, every finding made with unfixed cells and gradients made with water was confirmed in less extensive studies with the other preparation conditions described in the Fig. 3 legend.
Relationship between cell cycle events and buoyant density.
We measured the height of the central cell wall growth site (see the bar labeled C in Fig. 1 which past studies have shown give the greatest divergence of cell cycle stages (1) . Four fractions were analyzed that were roughly -1.0, -0.5, +0.5, and +1.0 standard deviations from the mean density. These fractions encompassed at least 90% of the population. An example of the raw data is shown in Fig. 4 , which indicates the frequency distributions of central site heights from the two populations that were presented in Fig. 2 .
In both populations, the shapes of the distributions changed qualitatively with density. As the density increased, the frequencies of very small and large cells increased. Furthermore, in the faster-growing culture, the distribution became bimodal in the densest fraction. Thus, as suggested by the electronic particle data, there is a relationship between cell cycle and density. In addition, the electron microscopy measurements indicated that in each population, the cells with the highest density were those that were just about to divide and those that had just divided.
Analysis of morphological data. To study cell cycle variation in buoyant density, the ideal experiment would involve measurement of the buoyant density of a synchronous population over time. Despite considerable work that has been done on this in the past, an adequate method for synchrony has not been obtained for S. faecium (6) . In contrast, we fractionated populations by buoyant density rather than age, and then we estimated the distribution of cell ages by measuring the central site heights in each fraction. The changes in buoyant density over the cell cycle were reconstructed from these distributions. First, the data from each density fraction were transformed into a frequency distribution. Then, these frequencies were regrouped by the height of the central site. To do this, each frequency value was weighted by the proportion of the population represented by that density fraction (see above). Finally, the average buoyant density was calculated for each value of central site height, and relative values of buoyant density are plotted in Fig. 5A All populations exhibited the following pattern. As the central site increased in size, the average buoyant density decreased and then increased, as suggested by the distributions shown in Fig. 4 . In the largest cells, the density decreased again. Division occurred when the central site reached 0.86 jim, as determined by measuring completed poles.
In addition, there appeared to be some variation in the pattern with growth rate (Fig. 5A ). In the fast-growing cells, there was a small initial increase in density, followed by a steep decrease and then a steep increase as the sites approached division. In contrast, in the slower-growing cells, J. BACTERIOL.
there was no initial increase in density, and the midcycle decline and increase were more gradual and occurred over a smaller range of relative densities. In all populations, new peripheral sites appeared when the density was increasing, as the central site approached division (Fig. SB) . As shown in a previous study (3) , more peripheral sites were initiated in faster-than in slowergrowing cultures (Fig. 1) .
Thus, qualitatively, all populations behaved similarly. Quantitatively, there was variation with growth rate. In more rapidly growing populations, density increased more steeply as cell size increased, and new peripheral sites opened up at a higher frequency as the density reached a maximum.
The majority of growth sites initiated on or after division; that is, most cells did not produce peripheral sites. At the fastest growth rate, 18% of predivisional cells initiated peripheral sites, and at the lowest growth rate, 4% initiated peripheral sites (Fig. 5B) . The buoyant density of cells with small central sites was also elevated (Fig. SA) , suggesting that the relationship between site initiation and elevated buoyant density was maintained regardless of whether sites were initiated before, on, or after division.
We suggest that the rate of initiation of new cell wall growth sites may be related to the rate of increase of buoyant density during the cell cycle, or to the rate of increase of some parameter that correlates with buoyant density. This is consistent with the idea that as a site approaches division, each new unit of cell wall surface houses less and less new cytoplasmic volume (7) . Thus, a difference between growth inside and outside of a cell could lead to the observed increase in density as the cell approached division and could be tied to the initiation of new cell wall growth sites.
